Repeated stress is one of the environmental factors that precipitates and exacerbates mental illnesses like depression and anxiety as well as cognitive impairments. We have previously shown that cannabinoids can prevent the effects of acute stress on learning and memory. Here we aimed to find whether chronic cannabinoid treatment would alleviate the long-term effects of exposure to chronic restraint stress on memory and plasticity as well as on behavioral and neuroendocrine measures of anxiety and depression. Late adolescent rats were exposed to chronic restraint stress for 2 weeks followed each day by systemic treatment with vehicle or with the CB1/2 receptor agonist WIN55,212-2 (1.2 mg/kg). Thirty days after the last exposure to stress, rats demonstrated impaired long-term potentiation (LTP) in the ventral subiculum-nucleus accumbens (NAc) pathway, impaired performance in the prefrontal cortex (PFC)-dependent objectrecognition task and the hippocampal-dependent spatial version of this task, increased anxiety levels, and significantly reduced expression of glucocorticoid receptors (GRs) in the amygdala, hippocampus, PFC, and NAc. Chronic WIN55,212-2 administration prevented the stress-induced impairment in LTP levels and in the spatial task, with no effect on stress-induced alterations in unconditioned anxiety levels or GR levels. The CB1 antagonist AM251 (0.3 mg/kg) prevented the ameliorating effects of WIN55,212-2 on LTP and short-term memory. Hence, the beneficial effects of WIN55,212-2 on memory and plasticity are mediated by CB1 receptors and are not mediated by alterations in GR levels in the brain areas tested. Our findings suggest that cannabinoid receptor activation could represent a novel approach to the treatment of cognitive deficits that accompany a variety of stress-related neuropsychiatric disorders.
INTRODUCTION
Repeated life stress precipitates and exacerbates mental illnesses, including depression and anxiety (Dinan, 2005) . Homotypic stressors that occur on a daily basis are associated with increased depressive symptoms (Caspi et al, 2003; Hammen et al, 2004; Hammen, 2005; Keller et al, 2007; Robertson Blackmore et al, 2007; Southwick et al, 2005) . Repeated restraint stress is an animal model that recapitulates anxious and depressive symptoms, and associated physiological changes, and has allowed for experimental investigations into the contributions of stress to mental illness and the mechanisms underlying stress-adaptation (Patel and Hillard, 2008) .
When examining the short-term effects of chronic stress (between 24 h and 14 days after exposure to stress), repeated restraint stress has been shown to induce depressive and anxious phenotypes (Kim and Han, 2006; Mitra et al, 2005; Vyas and Chattarji, 2004) and cognitive impairments (Lupien et al, 2007; Radecki et al, 2005; Wright and Conrad, 2008) , symptoms often experienced in depressive illness (Irwin and Miller, 2007; Mathews and MacLeod, 2005; Schneiderman et al, 2005) . Chronic stress impairs spatial as well as working memory, suggesting negative effects on prefrontal cortex (PFC) as well as on hippocampal functioning (Conrad et al, 1996; Mizoguchi et al, 2000; Park et al, 2001) .
The endocannabinoid system has recently emerged as a promising therapeutic target for the treatment of stress-related emotional disorders (Abush and Akirav, 2010; Ganon-Elazar and Akirav, 2009; Gorzalka et al, 2008; Patel et al, 2005; Ramot and Akirav, 2012; Segev et al, 2012) . Cannabinoid receptor activation in the basolateral amygdala (BLA) using the CB1/2 receptor agonist WIN55,212-2 prevented the effects of acute stress on emotional learning (Ganon-Elazar and Akirav, 2009; Ramot and Akirav, 2012) . WIN55,212-2 also inhibited stress-induced elevation in corticosterone levels and stressinduced alterations in hypothalamic-pituitary-adrenal (HPA) negative feedback (Ganon-Elazar and Akirav, 2009; . Chronic cannabinoids were shown to enhance stresscoping responses and to exert long-term antidepressant effects (Bortolato et al, 2007; Macri and Laviola, 2004) .
There are also indications that chronic stress exposure affects endocannabinoid levels. Exposure to daily restraint episodes activated 2-AG-mediated signaling in the medial PFC, amygdala, hippocampus, and hypothalamus (Patel et al, 2005; Rademacher et al, 2008) . Chronic treatment of rats with corticosterone also resulted in increased 2-AG content in the amygdala (Hill et al, 2005) . In the medial PFC and amygdala, restraint stress decreased N-arachidonylethanolamine content regardless of the number of previous exposures (Patel et al, 2005; Rademacher et al, 2008) . Repeated immobilization stress exposure increased CB1 mRNA and protein expression in the PFC of WT mice and daily pretreatment with the selective CB1 agonist arachidonyl-2-chloroethylamide prevented this stress-induced upregulation (Zoppi et al, 2011) .
Long-term potentiation (LTP) is one of the prime candidates for mediating learning and memory as well as many other forms of experience-dependent plasticity. The successful vs unsuccessful induction of LTP can serve as a 'diagnostic' measure with which to assess the functional state of a brain structure (Diamond et al, 2007) . Growing attention has been focused on plasticity in the ventral subiculum (vSub)-nucleus accumbens (NAc) pathway (Abush and Akirav, 2012; O'Donnell and Grace, 1995) . The hippocampus is particularly sensitive to stress (Garcia et al, 1997; Maroun and Richter-Levin, 2003) and is highly interconnected with the HPA axis response. In addition to the hippocampus, other brain structures have been implicated in a neural circuitry of stress, including the amygdala, PFC, and NAc. The NAc is involved in mediating stress-related dysfunction (Nestler et al, 2002; Willner et al, 1992; Wood et al, 2004; Zangen et al, 2001 ) and, with input from the vSub, mediates goal-directed behavior and is important for aspects of cognitive function, such as contextdependent processing (Belujon and Grace, 2008) . This pathway is also involved in spatial and object recognition (Léna et al, 2001; Poucet et al, 2004; Sargolini et al, 2003) . Specifically, it has been suggested that the hippocampus allows for place recognition and the storage of the paths to get there, and the NAc translates paths in neural space into appropriate locomotor activity that moves the animal towards the goal in real space.
Recently, we found that the impairing effects of chronic WIN55,212-2 on short-term memory in the water maze and the object-recognition tasks as well as LTP in the vSub-NAc pathway were temporary as they lasted only 24 h or 10 days after withdrawal (Abush and Akirav, 2012) . However, chronic WIN55,212-2 significantly impaired hippocampaldependent short-term memory measured in the objectlocation task even 75 days after the last drug injection. These suggest that most cognitive impairments induced by WIN55,212-2 are temporary and probably result from a residue of cannabinoids in the brain or acute withdrawal effects. This also suggests that the effects of chronic WIN55,212-2 on hippocampal-dependent function are task-dependent and specific.
Many disease states feature HPA axis dysregulation in the form of changes in glucocorticoid receptors (GRs) levels, basal corticosterone secretion, or feedback regulation. Both GR and CB1 receptors are located within the stress circuitry in the brain (ie, amygdala, hippocampus, and PFC) (Ahima and Harlan, 1990; Herkenham et al, 1990; Katona et al, 2001; van Eekelen et al, 1987) . There is a critical and complex role of the endocannabinoid system in the regulation of HPA axis activity and glucocorticoid-mediated negative feedback (for review, see Hill and Tasker, 2012) . Under conditions of chronic stress the endocannabinoid system contributes to multiple forms of HPA axis regulation that involve endocannabinoid signaling in the amygdala and PFC Patel et al, 2004; Patel et al, 2005) . Structures within the forebrain limbic system (ie, hippocampus, amygdala, and PFC), have an integral role in regulating this system (Herman et al, 2005) . Hence, alterations in GRs have a significant influence on HPA axis activity, particularly by modulating the strength of negative feedback and therefore the regulation of glucocorticoid levels (Yehuda et al, 2012) . Previously, it has been shown that chronic stress decreased hippocampal GRs (Sapolsky et al, 1984) .
In this study, we aimed to examine whether chronic treatment with cannabinoids in late adolescent rats could prevent the long-term effects of chronic exposure to repeated restraint-stress on cognitive function, including synaptic plasticity in the vSub-NAc pathway and short-term memory. Our previous results suggest that the preventing effects of WIN55,212-2 on stress-induced alterations in emotional memory are mediated via the HPA axis (GanonElazar and Akirav, 2009; and specifically GRs in the amygdala and hippocampus (Ganon-Elazar and Akirav, 2013). Here we aimed to examine the effects of chronic stress on GR levels in the forebrain limbic system and to test whether WIN55,212-2 would prevent these stress-induced effects. This would allow exploring the possibility that the preventing effects of WIN55,212-2 on plasticity and shortterm memory are associated with alterations in GRs in limbic areas. In order to examine the long-term effects of stress and cannabinoids, rats were tested 30 days after stress and drug treatment ended. Hence, we examined the longterm effects of cannabinoids that persist after drug use stops and after withdrawal.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (45-days old, B200 g), caged together at 22 ± 2 1C under 12-h light/dark cycles (lights turned on at 1900 hours). Rats had access to water and laboratory rodent chow ad libitum, except during the sucrose intake test. The experiments were approved by the University of Haifa Ethics and Animal Care Committee, and adequate measures were taken to minimize pain or discomfort.
1% DMSO and further diluted with saline (0.9% NaCl). The vehicle solution contained 1% DMSO, 1% Tween 80, and 98% saline. WIN55,212-2 was administered intraperitoneally at a dose of 1.2 mg/kg, 0.3 ml. WIN55,212-2 dose was based on previous reports (Abush and Akirav, 2012; Schneider and Koch, 2007; Schneider et al, 2008) . The CB1 receptor antagonist AM251 (0.3 mg/kg; Tocris Bioscience) was co-administered with WIN55,212-2.
Object-Location Memory Task
This task measures an animal's ability to detect that an object has moved to a new location (described in Abush and Akirav, 2012) . The objects were two small identical ceramic dolls located in a squared black open field (50 Â 50 Â 50 cm) under dim light. The rats were habituated to the open field by allowing them to explore it for 10 min every day for 4 days (without objects).
In the sample phase, each rat was exposed to the objects for 5 min. After 30 min (test phase), one object was moved to a new location and the time spent exploring the objects at the old and new locations were recorded for 5 min.
A discrimination index (DI) calculated for each animal was expressed as TN/(TN þ TF) where TF ¼ time exploring familiar location; and TN ¼ time exploring novel location. Intact spatial recognition memory in the test phase was reflected in a discrimination score 450%, which implies greater exploration of the object in the novel location.
Object-Recognition Memory Test
This task measures the ability to discriminate the familiarity of previously encountered objects. All parameters were identical to the object-location task described above, except for the test phase in which the rat was presented with one of the objects from the sample trial and with a novel object for 5 min.
Electrophysiology
The procedure is as described in Abush and Akirav (2012) . Rats were anesthetized (40% urethane, 5% chloral hydrate in saline; 4 ml/1 kg, i.p.) and placed in a stereotaxic frame. A recording microelectrode (glass, tip diameter of 2-5 mm, filled with 2 M NaCl, resistance of 1-4 M) was inserted through small burr holes into the NAc shell (anteroposterior, ± 1.6 mm; lateral, ± 1.0 mm; ventral, À 5.5 mm). A bipolar 125-mm-stimulating electrode was positioned in the vSub (anteroposterior, À 6.5 mm; lateral, ±5.0 mm; ventral, À 6.0 mm). The evoked responses were digitized (10 kHz) and analyzed using the Cambridge Electronic Design (CED, Cambridge, UK) 1401 þ and its Spike2 software. Offline measurements were made of the amplitude and slope of the excitatory postsynaptic potentials (EPSPs) using averages of five successive responses to a given stimulation intensity applied at 0.1 Hz. Test stimuli (monopolar pulses, 100 ms duration) were delivered at 0.1 Hz. After positioning the electrodes, the rats were left for 1 h before commencing the experiment.
LTP was induced by theta-like high-frequency stimulation (HFS) (three sets of 10 trains; each train consisting of 10 pulses at 200 Hz; inter-train interval, 200 ms; inter-set interval, 1 min) to the vSub. LTP was measured as an increase in amplitude and slope of EPSPs. Potentiation was measured as a percentage change from the average of the 30-min baseline before HFS.
Open Field
The floor of the squared black open field (50 Â 50 Â 50 cm) was divided by 1-cm-wide white lines into 25 squares measuring 10 Â 10 cm each. Recordings were made over a period of 5 min and the time the rat spent in the central and peripheral squares and the total distance covered were measured.
Forced Swim
Rat was forced to swim for 15 min inside a vertical clear acrylic cylinder (height: 50 cm; diameter: 20 cm) containing 34 cm of water maintained at B22 1C. After 24 h in the home cage, the rat was put back in the cylinder and forced to swim for 5 min. The time spent climbing, swimming, or immobile was recorded and analyzed. Immobility was defined as the lack of motion, except for movements necessary to keep the animal's head above water.
Sucrose Intake
Water bottles were removed before the dark part of the cycle and replaced with bottles containing a 1% sucrose solution. Sucrose consumption was measured during the 12 dark hours of the cycle and was then normalized according to every rat's specific weight. Four measurements of sucrose consumption were taken: before stress and injections, 24 h, 10 days, and 30 days after the last exposure to stress and injections.
Biochemical Methods
Thirty days after the last stress and/or drug injections, the rats were killed and their brains were immediately frozen at À 80 1C for western blot analysis. No anesthesia was used before decapitation. Brain tissues of the medial PFC, NAc, BLA, CA1, and vSub were then collected and homogenized in lysis buffer (10 mM Hepes, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 10 ml/ml leupeptin, 10 ml/ml aprotinin). Protein levels were determined by the bicinchoninic acid (BCA) Protein Assay Kit (Pierce) according to the manufacturer's protocol. The samples were then diluted in SDS sample buffer, boiled (100 1C) for 5 min, and stored at À 80 1C. Aliquots were subjected to SDS-PAGE (7.5% polyacrylamide) and immunoblot analysis. Blots were incubated with the GR antibody overnight at 4 1C (1 : 200, Pierce Antibodies) followed by washing and 1 h incubation with an HRP-linked secondary antibody at room temperature (donkey anti-goat IgG and goat anti-rabbit IgG; Jackson ImmunoResearch Laboratories, 1 : 10 000). Blots were visualized by enhanced chemiluminescence with ECL (Biological Industries) and quantified with an XRS chargecoupled device camera (Bio-Rad Laboratories) and Quantity One software. All protein samples were standardized with b-actin (1 : 5000, polyclonal goat antibody; Santa Cruz Biotechnology, USA).
Statistical Analysis
The results are expressed as means ±SEM. For statistical analysis, one-way ANOVA, two-way ANOVA, mixed design three-way ANOVA, and one-sample t-test were used as indicated. All post-hoc comparisons were made using the least significant difference (LSD) multiple-comparison test. During post-natal days 45-60, the rats were restrained for 1 h every day, for 14 days and during this period received 14 injections of vehicle or WIN55,212-2 (or AM251 and WIN55,212-2), one per day, 1 h after restraint stress ended. Each test (except for Exp3) was performed on different sets of rats to prevent carryover effects due to multiple tests. Thirty days after the last stress exposure and injection, rats were taken to the following experiments: Exp4: Western blots to measure GR levels in the NAc, BLA, PFC, CA1, and vSub ( Figure 6 ).
Experimental design
Exp1
RESULTS
The Effects of Chronic Exposure to Restraint Stress and WIN55,212-2 on Synaptic Plasticity
Rats were exposed to chronic restraint stress followed by vehicle (Stress-Vehicle) or WIN55,212-2 (Stress-WIN) injections, or merely injected with vehicle (No StressVehicle) or WIN55,212-2 (No Stress-WIN) with no stress exposure.
For LTP, the data were analyzed using mixed design three-way ANOVA with Drug (vehicle/WIN) and Stress (No Stress/Stress) as between-subject factors, Time as within-subject factor, and EPSP amplitude and slope levels as dependent variables (Figure 1) . The amplitude was measured by peak-to-peak values based on previous findings on LTP in the vSub-NAc pathway (Dong et al, 2007; Abush and Akirav, 2012) . However, it is the EPSP slope that is considered to reflect LTP (ie, the strengthening of existing synaptic contacts) while the amplitude may also reflect the activity of the cells.
Post-HFS analysis ((Drug Â Stress Â Time (2 Â 2 Â 12)) of the amplitude and slope indicated a significant Drug Â Stress interaction (amplitude: F(1,28) ¼ 8.62, po0.01; slope: F(1,28) ¼ 5.27, po0.05). There were no significant effects for Drug, Stress, Time, Time Â Drug, Time Â Stress, or Time Â Drug Â Stress for the amplitude (Figure 1a) . For the slope, there was a significant effect for Time (F(1,28) ¼ 23.49, po0.001), but not for Drug, Stress, Time Â Drug, Time Â Stress, or Time Â Drug Â Stress (Figure 1b) .
Post-hoc comparison revealed significantly lower potentiation in the Stress-Vehicle group compared with the No Stress-Vehicle (amplitude: po0.01; slope: p ¼ 0.053) and Stress-WIN groups (po0.01), suggesting that exposure to WIN55,212-2 resulted in the significant recovery of LTP in the stress group. No significant differences were found between the No Stress-WIN group and the No StressVehicle and Stress-WIN groups, suggesting that WIN55,212-2 by itself had no effect on plasticity.
Furthermore, one-sample t-test performed on potentiation levels post HFS in the No Stress-WIN group revealed a significant difference from the 100% baseline in the amplitude and slope (po0.05), suggesting significant LTP levels in this group.
Three-Way mixed design ANOVA on EPSP amplitude pre-HFS (Drug Â Stress Â Time (2 Â 2 Â 6)) did not reveal significant effects for Drug, Stress, Time, or any of the interactions between them (F(1,28)o1, NS) for the amplitude, but revealed a significant effect for Time (F(1,28) ¼ 28.87, po0.001), for the slope. Figure 1c shows representative traces in the NAc taken before and 1 h after HFS to the vSub.
As WIN55,212-2 is a CB1/CB2 agonist, we examined whether the preventing effects of WIN55,212-2 on plasticity are mediated by the CB1 receptor by using a combination of WIN55,212-2 and a CB1 receptor antagonist AM251 (0.3 mg/kg). Rats were exposed to chronic restraint stress followed by co-administration of AM251 and WIN55,212-2 (Stress-AM þ WIN). Mixed design ANOVA (treatment Â time (4 Â 12)) post-HFS analysis indicated a significant effect for treatment on the amplitude and slope (po0.05). Post-hoc comparisons revealed that the Stress-Vehicle group demonstrated significantly lower potentiation compared with the No Stress-Vehicle (po0.01) and Stress-WIN (p ¼ 0.05) groups (Figures 1d and e) . Also, for the slope, the Stress-AM þ WIN group demonstrated marginally significantly lower potentiation compared with the No StressVehicle group (p ¼ 0.055).
When the CB1 antagonist was injected without stress exposure, LTP levels were intact (LTP levels (means±SEM) 1 h post HFS: amplitude: 120.8 ± 4.9; slope: 119.9 ± 2.0) (data not shown)). Taken together, the results suggest that AM251 by itself had no effect on plasticity, but AM251 attenuated (amplitude) or blocked (slope) the ameliorating effects of WIN55,212-2 on plasticity measured post stress.
The Effects of Chronic Exposure to Restraint Stress and WIN55,212-2 on Short-Term Memory Next, we examined the effects of chronic exposure to restraint stress and WIN55,212-2 on short-term memory. The data were analyzed using two-way ANOVA with Drug and Stress as between-subject factors (2 Â 2) and DI as the dependent variable.
For the object-location task (Figure 2a) , a significant Drug Â Stress interaction was found (F(1,28) ¼ 5.13, po0.05). There was no significant main effect for Drug or Stress. Post-hoc comparisons revealed that the StressVehicle group demonstrated less exploration of the novel location than the No Stress-Vehicle group (po0.01).
One-sample t-test performed on each of the groups revealed a significant difference from the 50% DI in the No Stress-Vehicle (t(7) ¼ 3.66, po0.01) and the Stress-WIN (t(7) ¼ 2.34, p ¼ 0.05) groups, suggesting intact performance in the task. No such difference was found in the StressVehicle and the No Stress-WIN groups.
There was no significant difference in the sample phase (day 1) between any of the groups in DI (data not shown).
We also examined whether the preventing effects of WIN55,212-2 on memory are mediated by the CB1 receptor by using a combination of WIN55,212-2 and AM251. Hence, rats were exposed to chronic restraint stress followed by co-administration of AM251 and WIN55,212-2 (Stress-AM þ WIN). One-way ANOVA revealed a significant effect for treatment (F(3,27) ¼ 3.06, po0.05). Post-hoc comparisons revealed that the No Stress-Vehicle group demonstrated significantly more exploration of the novel location than the Stress-Vehicle (p ¼ 0.012) and Stress-AM þ WIN groups (po0.05) (Figure 2b ). These results suggest that AM251 blocked the ameliorating effects of WIN55,212-2 on post-stress short-term spatial memory.
In the object-recognition task (Figure 2c) , a significant Drug Â Stress interaction was found (F(1,27) There was no significant difference in the sample phase (day 1) between any of the groups in DI (data not shown).
The Effects of Chronic Exposure to Restraint-Stress and WIN55,212-2 on Behavioral Measures of Anxiety, Despair, Hedonia, and Weight Gain Rats were tested for locomotion and anxiety levels in the open field, for depressive-like symptoms in the forced-swim test, for hedonia in the sucrose consumption test, and their weight was monitored. Our previous findings suggest that acute WIN55,212-2 administration can prevent the effects of acute or single prolonged stress on emotional memory, startle response, and alterations in the HPA axis (GanonElazar and Akirav, 2009; Ramot and Akirav, 2012) . However, WIN55,212-2 did not prevent the effects of stress on unconditioned anxiety (Ganon-Elazar and Akirav, 2012). Hence, we aimed to find out in this model whether the preventing effects of WIN55,212-2 can be generalized to other stress-induced alterations in behavior (ie, anxious and depressive symptoms).
In the open field, two-way ANOVA revealed a significant effect for Stress (F(1,28) ¼ 11.49, po0.01) in the time spent in the center, with no significant effect for Drug or Drug Â Stress (Figure 3a) In the forced-swim test (Figure 4a ), two-way ANOVA revealed that, for climbing and immobility, there were no Most studies that measure short-term effects of chronic stress exposure find anxiety-and depression-like behaviors (Kim and Han, 2006) . It could be that here the lack of effect in the forced-swim test resulted from the long time frame from the end of chronic stress to the start of behavioral assessment (ie, 30 days). Hence, we performed another experiment in which the performance of rats in the forcedswim test was measured 24 h and 10 days after cessation of stress/drug exposure. Two-way ANOVA revealed that 24 h after stress and WIN55,212-2, there was a significant effect for drug on climbing and immobility (po0.05; Figure 4b ). Post-hoc comparison revealed that rats in the No Stress-WIN group spent significantly less time climbing than rats in the StressVehicle group (po0.01) and that rats in the No Stress-WIN group spent significantly more time on immobility than rats in the No Stress-Vehicle and Stress-Vehicle groups (po0.01). Hence, chronic stress had no effect on performance in the forced-swim test and WIN55,212-2 had a short term effect on motoric behavior as rats injected with WIN55,212-2 (regardless of stress exposure) demonstrated decreased climbing and increased immobility in the 24-h test. Ten days after cessation of chronic stress and drug treatment, there were no significant differences between the groups (Figure 4c ).
In the sucrose consumption test (Figure 5a ), mixed design three-way ANOVA (Drug Â Stress Â Time point (2 Â 2 Â 4)) at baseline, 24 h, 10 days, and 30 days after exposure to stress revealed no significant main effects for Drug, Stress, or Drug Â Stress (F(1,28) o1, NS). There was a significant within-subject effect for Time point (F(1,28) ¼ 27.11, po0.001), indicating that the rats' sucrose consumption level was significantly higher at the baseline time point. This may result from developmental differences in hedonic sensitivity in late adolescent and adult rats as could be measured by taste reactivity and voluntary consumption (Wilmouth and Spear, 2009) .
In weight gain (Figure 5b ), mixed design three-way ANOVA (Drug Â Stress Â Time point (2 Â 2 Â 7)) revealed a significant effect for Stress (F(1,28) ¼ 24.98, po0.001), Time point (F(1,28) ¼ 784, po0.001) and the interaction between Stress and Time point (F(1,28) ¼ 6.77, po0.05). Post-hoc comparison revealed that rats in the No Stress-Vehicle group demonstrated significantly higher weight gain than rats in the Stress-Vehicle and Stress-WIN groups (po0.001) and that rats in the No Stress-WIN group demonstrated significantly higher weight gain than rats in the StressVehicle and Stress-WIN groups (po0.01). This indicates that in both vehicle and WIN55,212-2 conditions, rats exposed to chronic stress displayed lower weight gain than rats not exposed to chronic stress.
The Effects of Chronic Exposure to Restraint Stress and WIN55,212-2 on GR Levels in the Nucleus Accumbens, Amygdala, Hippocampus, and Prefrontal Cortex GR levels were analyzed using two-way ANOVA with Drug and Stress as between-subject factors (2 Â 2). To confirm equal protein loading, the same blots were re-hybridized with antibodies specific for b-actin. No significant difference in b-actin levels was observed between the groups, suggesting that b-actin levels were not affected by the treatment.
In the NAc, there were significant main effects for Drug (F(1,24) ¼ 5.62, po0.05) and Stress (F(1,24) ¼ 58.05, po0.001), with no significant Drug Â Stress interaction. Post-hoc comparisons of GR levels (Figure 6a ) revealed that the stressed groups (Vehicle and WIN) had significantly lower GR levels compared with the No Stress-Vehicle (po0.001) and No Stress-WIN (po0.001) groups. Furthermore, the No Stress-WIN group had significantly higher GR levels compared with the No stress-Vehicle group (po0.01).
As chronic administration of WIN55,212-2 increased GR levels in the NAc, we characterized the temporal effect of chronic WIN55,212-2 administration on GR levels. We have previously shown that chronic WIN55,212-2 differentially affected behavior and plasticity when tested 24 h, 10 days, and 30 days after drug treatment ended (Abush and Akirav, Figure 4 The effects of chronic exposure to restraint-stress and WIN55,212-2 on performance in the forced-swim test. (a) Thirty days after stress and drug injections, rats in the Stress-WIN group spend significantly less time swimming than rats in the Stress-Vehicle and No Stress-Vehicle groups (*po0.05). (b) Twenty-four hours after stress and drug injections, rats in the Stress-Vehicle group spend significantly more time climbing than rats in the No Stress-WIN group. Rats in the No Stress-WIN group spend significantly more time immobile than rats in the Vehicle groups (**,po0.01). (c) Ten days after stress and drug injections, there are no significant differences between the groups. Cannabinoids ameliorate cognitive effects of stress H Abush and I Akirav 2012). Two-way ANOVA of GR levels in the NAc with Drug (vehicle/WIN) and Time point (24 h/10d) as betweensubject factors revealed a significant main effect for Drug (F(1,21) ¼ 7.28, po0.05), with no significant effects for Time point or Drug Â Time point. Post-hoc comparisons 24 h or 10 days after drug treatment revealed that rats treated with WIN55,212-2 had significantly higher levels of GR than rats treated with vehicle at 24 h (means±SEM: 182.6 ± 31.8; p ¼ 0.05) and at 10 days (147.9 ± 16.3; po0.05; data not shown).
In the BLA (Figure 6b ) and the PFC (Figure 6c ), there was a significant main effect for Stress (BLA: F(1,24) ¼ 23.62, po0.001; PFC: F(1,24) ¼ 37.67, po0.001), with no significant effects for Drug or Drug Â Stress. Post-hoc comparisons revealed that the Stress-Vehicle group had significantly lower GR levels compared with the No StressVehicle group (BLA: po0.05; PFC: po0.001) and compared with the No Stress-WIN group (BLA: p ¼ 0.001; PFC: po0.001) and that the Stress-WIN group had significantly lower GR levels compared with the No Stress-WIN group (BLA: po0.001; PFC: po0.001) and compared with the No Stress-Vehicle group (BLA: po0.01; PFC: po0.001).
When measured 24 h or 10 days after injections ended, there were no significant effects for Drug, Time point, or Drug Â Time point in the BLA or the PFC (data not shown).
In the CA1 (Figure 6d ) and the vSub (Figure 6e ), there was a significant main effect for Stress (CA1: When measured 24 h or 10 days after injections ended, there were no significant effects for Drug, Time point, or Drug Â Time point in the CA1 or the vSub (data not shown).
DISCUSSION
The main finding of this study is that chronic cannabinoid administration can prevent the impairing effects of chronic stress on memory and plasticity, tested 1 month after stress and injections ended. The ameliorating effects of WIN55,212-2 on LTP and short-term memory were prevented by the CB1 antagonist AM251.
Chronic cannabinoid administration did not prevent the stress-induced alterations in GR levels in the NAc, BLA, PFC, and hippocampus, suggesting that the beneficial effects of WIN55,212-2 on memory and plasticity are not mediated by alterations in GR levels in these brain areas.
Synaptic Plasticity and Short-Term Memory
Chronic restraint-stress resulted in a significant impairment of synaptic plasticity in the vSub-NAc pathway measured 30 days after stress termination. Most studies on the effects of stress on LTP were performed in the hippocampus (Diamond et al, 2005; Foy et al, 2008) and demonstrated impairment. In the vSub-NAc pathway, Dong et al (2007) found that acute stress enabled low-frequency stimulation to induce long-term depression.
Chronic WIN55,212-2 administration by itself did not affect LTP levels tested 30 days after withdrawal, consistent with our previous report that chronic WIN55,212-2 impaired LTP induced 24 h or 10 days, but not 30 days, after withdrawal (Abush and Akirav, 2012) . Importantly, here we show that WIN55,212-2 prevented the stressinduced impairment in LTP, suggesting that chronic cannabinoid treatment might be effective in normalizing cognitive deficits following chronic stress exposure. The CB1 antagonist AM251 blocked the effects of WIN55,212-2 on post-stress EPSP slope, which is considered to better reflect LTP than the EPSP amplitude.
Chronic restraint-stress also impaired hippocampal short-term memory in the spatial location task, when measured 30 days after stress termination, and this effect was shown to be mediated by CB1 receptors. Extensive rodent and human research has shown that the hippocampus is not only crucially involved in memory formation but is also highly sensitive to stress (for review, see Kim and Diamond, 2002) . Cognitive deficits resulting from chronic stress and hyperactivation of the HPA axis could be mediated through alterations in hippocampal networks (Aisa et al, 2009; Rothman and Mattson, 2010) . Chronic WIN55,212-2 administration by itself also impaired performance, consistent with our previous findings of impaired short-term spatial location memory even after 75 days of withdrawal (Abush and Akirav, 2012) . However, a combination of chronic WIN55,212-2 administration with chronic stress resulted in an intact spatial location memory.
It is interesting that WIN55,212-2 by itself impaired short-term location memory, but when administered in proximity to stress exposure, it attenuated the impairing effects of the stressor on memory. Hence, the effects of WIN55,212-2 on memory are dependent on the emotional state of the animal; this is supported by our previous findings that chronic WIN55,212-2 impaired short-term memory in the non-aversive spatial location task, but had no effect on spatial short-term memory in the aversive water-maze task (Abush and Akirav, 2010) . Furthermore, we have shown that acute intra-BLAWIN55,212-2 can prevent the effects of acute elevated platform stress on performance in an aversive learning task (Ganon-Elazar and Akirav, 2009), but acute WIN55,212-2 could not prevent the effects of the same stressor on the performance in a nonaversive task (Segev et al, 2012) . In general, the cannabinoid system and the stress system are highly interconnected (Gorzalka et al, 2008; Hill and McEwen, 2010; Patel et al, 2004; Patel and Hillard, 2008) , and it has been suggested that the endocannabinoid system might become activated specifically in highly aversive situations but not in non-aversive situations (Harloe et al, 2008; Holter et al, 2005; Niyuhire et al, 2007) .
In the object-recognition task, stressed rats demonstrated attenuated exploration of the novel object compared with controls when tested 30 days after stress termination. This attenuated exploration was not observed when stress was accompanied with chronic WIN55,212-2 administration.
In the object-location task and LTP, rats that were exposed to WIN55,212-2 without stress exposure demonstrated intact learning (ie, were significantly different from the 50% chance level) and intact LTP (ie, were significantly Figure 6 The effects of chronic exposure to restraint stress and WIN55,212-2 on GR levels. Representative bands (taken from different gels) for the expression of GR and b-actin (upper panel) and quantitative analysis result (lower panel) of GR expression. (a) In the NAc, rats in the stress groups demonstrate significantly lower GR expression levels compared with rats in the non-stressed groups. Rats in the No Stress-Vehicle group demonstrate significantly lower GR expression levels compared with rats in the No Stress-WIN group (**po0.01; ***po0.001). (b) In the BLA, rats in the stress groups demonstrate significantly lower GR expression levels compared with rats in the non-stressed groups (*po0.05; **po0.01; ***po0.001). (c) In the PFC, rats in the stress groups demonstrate significantly lower GR expression levels compared with rats in the non-stressed groups (***po0.001). (d) In the CA1, rats in the Stress-Vehicle group demonstrate significantly lower GR expression levels compared with rats in non-stressed groups. Rats in the Stress-WIN group demonstrate significantly lower GR expression levels compared with rats in the No Stress-WIN group (*po0.05; **po0.01). (e) In the vSub, rats in the stress groups demonstrate significantly lower GR expression levels compared with rats in the non-stressed groups (**po0.01; ***po0.001).
Cannabinoids ameliorate cognitive effects of stress H Abush and I Akirav different from the 100% baseline); however, they were not significantly different from any of the other groups. In the spatial task, on the other hand, rats that were exposed to WIN55,212-2 without stress exposure did not demonstrate intact learning (ie, were not significantly different from the 50% chance level). Hence, the long-term effects of chronic exposure to WIN55,212-2 depends on the specific task and the brain region that are being examined.
GR Expression Levels in the Amygdala, Hippocampus, PFC, and NAc
Chronic restraint stress reduced expression levels of GRs in the NAc, BLA, PFC, CA1, and vSub, consistent with animal models of chronic stress that demonstrated decreased hippocampal GRs (Sapolsky et al, 1984) . The effect of chronic stress on expression levels of GRs is in line with the changes in circulating stress hormones in response to stress, as most likely stress hormone receptors will also gradually change in their expression and function (Sapolsky et al, 1984) . In support, it has been shown that chronic treatment of rats with corticosterone or exposure to repeated restraint results in increased 2-AG content in the amygdala (Hill et al, 2005) . This suggests that the effect of repeated restraint on amygdalar 2-AG content could be secondary to a persistent increase in glucocorticoid signaling (Patel and Hillard, 2008) . Hence, high circulating levels of glucocorticoids can result in decreased numbers of available receptors that can significantly influence HPA axis activity. However, behavioral and hormonal responses to repeated and predictable exposure to homotypic stressors such as restraint exhibit habituation (ie, a progressive decrease in the expression of stress responses after repeated applications of the same stressor). Indeed, it has been demonstrated that repeated activation of the HPA axis by restraint stress resulted in a progressive decrease in plasma corticosterone levels with increasing numbers of restraint episodes (Patel et al, 2004) . Administration of chronic WIN55,212-2 together with stress exposure did not affect this stress-induced decline in GRs in all the brain areas examined, suggesting that the beneficial effects of WIN55,212-2 on memory and plasticity were not mediated by alterations in GR levels in the brain areas tested.
We also found that chronic administration of WIN55,212-2 alone resulted in higher expression levels of GRs in the NAc, 24 h, 10 days, and 30 days after withdrawal, suggesting a stable and robust effect. Despite this increase in GR expression levels following chronic WIN55,212-2 administration, WIN55,212-2 did not normalize the stress-induced downregulation in GR levels.
Hence, the mechanism through which WIN55,212-2 prevents the stress-induced memory and plasticity impairments is yet to be determined. One possible explanation could be that WIN55,212-2 affects systems that are activated by stress stimulation before the activation of the HPA axis, such as CRH or norepinephrine.
Anxiety, Locomotion, Hedonia, and Despair-Related Behavior Chronic exposure to restraint stress enhanced anxiety as tested in the open field 30 days after the stress ended.
However, chronic exposure to restraint stress had no effect on despair-like behavior as measured in the forced-swim test and the sucrose consumption test 24 h, 10 days, or 30 days after the stress ended. In general, a number of studies revealed inconsistencies in the induction of hedonic deficit in chronic stress models in both rats and mice (for review, see Strekalova et al, 2011) . Other chronic restraint studies showed that the intensity and duration of stress are critical in the development of depressive symptoms in rats as tested in the forced-swim test and sucrose tests (Suvrathan et al, 2010) . As a whole, chronically stressed rats exhibit changes in immobility and sucrose consumption during the period of stress exposure; however, in many cases (depending on stress intensity and duration), these effects disappear with time. For example, rats were restrained (6 h/day/ 21 days) and tested in the next days for anxiety and depressive-like symptoms. Chronic stress decreased time in the center arena of the open field, whereas there was no effect on the immobility index and sucrose preference (Huynh et al, 2011) .
In determining the neurobiological responses to repeated and chronic psychological stress (Feder et al, 2009; Herman et al, 2008; McEwen, 2007) , there is an impressive capability of individuals to habituate to repeated stress (Grissom and Bhatnagar, 2009; Marti and Armario, 1998) . Hence, there is habituation to the effects of chronic stress over time or possibly due to recovery of a short-term effect, which has dissipated by the time of examination. Many chronic stress paradigms produce changes that are dynamic and reversible (Conrad et al, 1999; Sousa et al, 2000; Vyas and Chattarji, 2004) , suggesting that behavioral recovery is possible. Nevertheless, the exposure to restraint stress had significant effects on weight gain and cognitive measures that suggest that some of the effects do not go through a habituation process and probably do not recover.
Although stressed rats demonstrated depressive-and anxiety-like symptoms as indicated by their reduced gain weight and reduced time in the center of the open field, chronic WIN55,212-2 administration did not prevent these effects. Increased anxiety 1 month after stress exposure suggests that the preventing effects of WIN55,212-2 on memory and plasticity were not due to the erasure of the stressful experience. This is consistent with our previous results that acute WIN55,212-2 administration in proximity to exposure to intense acute stress prevented the stress-induced impairment in extinction but not the heightened unconditioned anxiety that was measured in the open field and the light-dark tests (Ganon-Elazar and Akirav, 2012).
Summary
Deficits in learning and memory associated with frontal lobe and hippocampal dysfunction have been reported in affective disorders, which is often precipitated by stressful life events (Austin et al, 2001; Dolan, 2002; Drevets et al, 1997) . We suggest that cannabinoids have beneficial effects in preventing at least some of the effects of chronic stress on cognitive processes. Overall, our findings support the development of strategies that target the endocannabinoid system in the search for novel approaches to improved therapy.
